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Decay of the Higgs boson to τ−τ+ and non-Hermiticity of the Yukawa interaction
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The issue of Hermiticity of the Higgs boson interaction with fermions is addressed. A model
for non-Hermitian Yukawa interaction is proposed and approximation of one fermion generation is
considered. Symmetry properties of the corresponding hff¯ Lagrangian with respect to the discrete
P , C and T transformations are analyzed, and the modified Dirac equation for the free fermion
is studied. Longitudinal polarization of the fermions in the decay h → ff¯ , which arises due to
non-Hermiticity of the hff¯ interaction, is discussed. It is suggested to study effects of this non-
Hermiticity in the decay h → τ−τ+ → µ−ν¯µντ µ+νµν¯τ , for which observables (asymmetries) are
constructed which take nonzero values for a non-Hermitian hτ−τ+ interaction. These asymmetries
are analyzed for various configurations of the muon energies.
PACS numbers: 11.30.Er, 12.15.Ji, 12.60.Fr, 14.80.Bn
I. INTRODUCTION
In 2012 at the Large Hadron Collider (LHC) the Col-
laborations ATLAS and CMS discovered the spinless
particle h with the mass approximately equal to 125
GeV [1, 2]. The study of the processes of h boson produc-
tion and decay modes has shown that its properties are
consistent [3, 4] with the properties of the Higgs boson of
the Standard model (SM). In particular, analysis of the
angular correlations in the h → ZZ∗, Zγ∗, γ∗γ∗ → 4ℓ,
h → WW ∗ → ℓνℓν (ℓ = e, µ), and h → γγ decay
modes has shown that all the data agree with the pre-
diction for the Higgs boson with the quantum numbers
JPC = 0++ [5–7]. Thus based on these data one can
conclude that the structure of the hWW and hZZ inter-
actions is in agreement with the SM.
In the SM the fermion masses are generated through
the Yukawa couplings between the Higgs field and the
fermion fields. Measurement of these couplings is needed
for identification of the particle h with the SM Higgs
boson. At present, the intensity of the Higgs signal µ,
defined as the ratio of the experimentally measured pro-
duction cross section of the Higgs boson with its sub-
sequent decay to a set of final particles X to the corre-
sponding value predicted in the SM, is determined for the
channels h → τ−τ+ and h → b b¯. Namely, the ATLAS
Collaboration obtained the values µ(τ−τ+) = 1.43+0.43−0.37
[4, 8] and µ(bb¯) = 0.52 ± 0.32 ± 0.24 [4, 9], while the
CMS Collaboration obtained µ(τ−τ+) = 0.91± 0.28 [3],
µ(τ−τ+) = 0.78 ± 0.27 [10] and µ(bb¯) = 0.84 ± 0.44 [3],
µ(bb¯) = 1.0± 0.5 [11]. Recently there appeared the com-
bined ATLAS and CMS measurements of the Higgs boson
production and decay rates as well as constraints on its
couplings to vector bosons and fermions [12]. As a result
the value of µ turns out to be equal to 1.09± 0.11.
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The Lagrangian of the SM is invariant under the local
transformations of the group SU(3)C ⊗ SU(2)L⊗U(1)Y
which is spontaneously broken to the SU(3)C⊗U(1)QED
group. This Lagrangian is built on the basis of the prin-
ciple of minimal coupling from Lagrangian of the free
fermion fields and the scalar fields, which is invariant un-
der the global SU(3)C⊗SU(2)L⊗U(1)Y transformations.
The latter Lagrangian contains kinetic-energy terms for
the left- and right-chiral fermion fields and kinetic-energy
terms for the scalar fields, which are automatically Her-
mitian, and nontrivial self-interaction of the scalar fields,
generating the spontaneous breaking of the electroweak
symmetry, which is usually chosen Hermitian.
After replacing the derivative ∂µ by the covariant
derivatives Dµ, and adding gauge-invariant kinetic terms
for the gauge fields, one obtains the SM Lagrangian of
the massless fermions, which is Hermitian and symmetric
under the local SU(3)C ⊗ SU(2)L ⊗ U(1)Y transforma-
tions.
As for the Lagrangian describing the Yukawa inter-
action between the fermion fields and the scalar fields,
LSMYuk, in the SM, in addition to the gauge invariance un-
der the SU(3)C ⊗ SU(2)L ⊗ U(1)Y transformations, the
requirement of Hermiticity of LSMYuk is imposed. Thus,
unlike the other terms in the total SM Lagrangian which
are naturally Hermitian, the Yukawa interaction has “ac-
quired” Hermiticity which may not be necessary. In this
connection it seems important to verify whether the in-
teraction of the Higgs boson with fermions is Hermitian.
Note that models which are described by non-
Hermitian Hamiltonians attracted interest for a long
time [13, 14]. Recently in Ref. [15] a non-Hermitian
Yukawa interaction between neutrino and scalar fields
has been studied in the SM and in its various extensions.
Some aspects of non-Hermiticity of the Higgs boson
interaction with the top quark have been addressed in
Refs. [16–18]. In particular, in [16, 17] the polarization
characteristics of the photon in the decays h → γγ and
h → γZ have been studied. The photon circular polar-
ization in these processes arises due to the CP-even and
2CP-odd components of the htt¯ interaction, small imagi-
nary loop contributions in the SM, and non-Hermiticity
of the htt¯ interaction. In [18] it has been shown that
the forward-backward lepton asymmetry AFB in the pro-
cesses h → γℓ+ℓ− (for ℓ = e, µ, τ) is sensitive to non-
Hermiticity of the Higgs interaction with the top quark,
and AFB can acquire values of about 15 % (20 %) for the
muon-antimuon (electron-positron) pairs.
We also emphasize that measurement of any observ-
able sensitive to non-Hermiticity of the Lagrangian can
be used at the same time for testing the CPT theorem,
since Hermiticity of the Hamiltonian (or Lagrangian) is
a necessary condition in the proof of the CPT theorem
in quantum field theory (see, e.g., [19]). In this con-
nection we recall Ref. [20], where the close relation of
non-Hermiticity with violation of the CPT symmetry has
been noted. The author of [20] has also shown that obser-
vation of photon circular polarization in the pion decay
π0 → γγ, or muon longitudinal polarization in the η-
meson decay η → µ−µ+, would be a signal of violation
of the CPT symmetry.
In the present paper we study effects of non-
Hermiticity of the Yukawa interaction in the Higgs boson
decay to pair of τ leptons. Note that though the decay
h → τ−τ+ has been discussed in literature (see, for in-
stance, [21] and references therein) for a long time, the
main interest there has been concentrated on investiga-
tion of effects of the CP–symmetry violation in the Her-
mitian Yukawa interaction and differences in the angular
distributions for the scalar and pseudoscalar Higgs boson.
In the present paper, in contrast, we mainly pay atten-
tion to observables which are sensitive to non-Hermiticity
of the Yukawa interaction. In addition, a model for non-
Hermitian Yukawa interaction in case of one fermion gen-
eration is proposed.
The paper is organized as follows. In Sec. II the de-
cay width of the Higgs boson to the polarized fermion f
and antifermion f¯ is considered, and polarization char-
acteristics of f (f¯) are discussed. The fully differential
width of the decay into the lepton channel h→ τ−τ+ →
µ−ν¯µντ µ
+νµν¯τ is derived and the distribution over the
muon energies is obtained. Observables are proposed
which carry information on the hτ−τ+ non-Hermiticity.
In Sec. III a model for non-Hermitian Yukawa interaction
between the Higgs fields and fermions is proposed and
the approximation of one fermion generation is studied.
In Sec. IV results of calculation and discussion are pre-
sented. In Sec. V we draw conclusions. In Appendix A
functions f(x1, x2) and g(x1, x2), which enter the distri-
bution over the muon energies, are defined.
II. DECAYS h→ ff¯ AND
h→ τ−τ+ → µ−µ+ + 4 neutrinos
We assume that the couplings of h boson to the fermion
fields, ψf , are given by the Lagrangian including both
scalar and pseudoscalar parts
Lhff = −
∑
f=ℓ, q
mf
v
h ψ¯f (af + i bfγ5)ψf , (1)
where v =
(√
2GF
)−1/2 ≈ 246 GeV is the vacuum expec-
tation value of the Higgs field, GF = 1.1663787(6)×10−5
GeV−2 is the Fermi constant [22], mf is the fermion mass
and af , bf are complex parameters (af = 1 and bf = 0
corresponds to the SM). At the same time, the Higgs in-
teraction with the W± and Z bosons is chosen as in the
SM. In terms of these parameters the decay width of the
Higgs to unpolarized fermions, except the top quark, in
the leading order is equal to
Γ(h→ f f¯) = NfGF
4
√
2π
m2f mh βf
(|af |2β2f + |bf |2) , (2)
where βf =
√
1− 4m2f/m2h is the fermion velocity in the
rest frame of h, Nf = 1(3) for leptons (quarks). Appar-
ently one can put βf ≈ 1.
For the real parameters af and bf the interaction (1) is
Hermitian, however it is seen from Eq. (2) that any non-
Hermiticity of the Lagrangian Eq. (1) does not affect the
width of the Higgs boson decay to fermions. In addition,
if parameters af , bf either satisfy the equation
|af |2 + |bf |2 = 1 , (3)
or the expression |af |2 + |bf |2 turns out close to unity,
then the h → f f¯ decay width will have the same value
as in the SM, or close to it.
However, the situation changes if it will become pos-
sible to measure the polarization characteristics of the
fermions. Indeed, the rate of the Higgs boson decay to
polarized fermions is determined by the expression
dΓ
dΩ
= Γ(h→ f f¯) 1
16π
(
1− ζ1Lζ2L +
|af |2β2f − |bf |2
|af |2β2f + |bf |2
× (~ζ1T · ~ζ2T )−
2Re(af b
∗
f)
|af |2β2f + |bf |2
βf ~n · [~ζ1T × ~ζ2T ]
− 2 Im(af b
∗
f )
|af |2β2f + |bf |2
βf (ζ1L − ζ2L)
)
, (4)
where ~ζ1 (~ζ2) is the polarization vector of the fermion f
(f¯) in the rest frame of f (f¯), ~n is the unit vector in the
direction of 3-momentum of fermion f in the rest frame
of the h boson. Further, the longitudinal and transverse
components of polarization are defined as ζiL ≡ (~ζi · ~n)
and ~ζiT ≡ ~ζi − ~n(~ζi · ~n), where i = 1 , 2. Note that the
covariant form of the rate of the Higgs boson decay to
polarized fermions has been considered in Refs. [21, 23].
In Ref. [24] the spin density matrix of the f f¯ system has
been calculated for the decays h → tt¯ and h → τ+τ−
with account of radiative corrections of the order αs and
αem, respectively. The interaction (1) with real parame-
ters af and bf has been used in [24].
3We see that for the non-Hermitian Lagrangian in
Eq. (1) the fermion f (f¯) is longitudinally polarized with
polarization equal to
αL =
2 |Im(af b∗f)|
|af |2β2f + |bf |2
βf . (5)
The direction of fermion polarization is opposite to
the direction of its movement (or in the direction of
its movement) depending on the sign of the quantity
Im(af b
∗
f )/|Im(af b∗f )| = ±1.
Note that presence of both parameter af and bf in
(4), which leads to the CP violation in the Higgs boson
interaction with fermions, manifests itself not only in the
longitudinal polarization of the fermion but also in the
nonzero spin-spin correlation term ∝ Re(af b∗f ) ~n · [~ζ1T ×
~ζ2T ].
Of course, measurement of the polarization of the fi-
nal fermions in the decay h → f f¯ is a difficult prob-
lem. Moreover, measurement of the polarization of the b-
and c-quarks, created on the LHC, is itself an important
task independently from their production mechanism. In
principle, as has been shown in [25], the ATLAS and CMS
can measure the polarization of the b quark by using the
semileptonic decay of Λb baryon, and the polarization of
the c quark using the decay of Λc baryon, Λ
+
c → pK−π+,
created in the QCD collisions and coming from the decay
of the top quark.
In general, the longitudinal polarization (5) of the
fermion can also arise due to radiative corrections which
generate imaginary part of the h→ f f¯ amplitude. Such
corrections for the tt¯ and τ+τ− pairs are calculated in
[24] with the Hermitian Lagrangian (1) for real af , bf .
In particular, for the case of the τ leptons, the QED
radiative corrections, or the τ+τ− rescattering via the
photon exchange, are shown to give a negligibly small
contribution of the order αem(mh) × (mτ/mh)2 ≈ 10−6
to the longitudinal polarization of the τ lepton. Based
on this observation the authors of [24] concluded that
this polarization is not a useful tool for analyzing the CP
nature of the Higgs boson.
In the SM, the other possible one-loop corrections
to the h → τ+τ− amplitude arise due to intermedi-
ate W+W−-bosons, ZZ-bosons and neutrino ντ ν¯τ , how-
ever the former two contributions are real since mh <
2mW , 2mZ , and the latter one is extremely small and
can be safely neglected.
In models beyond the SM, the imaginary part of one-
loop diagrams could arise from some intermediate par-
ticles X in the loops with the masses mX < mh/2.
This would imply a possibility of the Higgs-boson de-
cay h → XX¯, however no new particles beyond the SM
have been observed at the LHC so far. In any case the
QED radiative correction is probably the dominant, but
very small contribution to the longitudinal polarization of
the τ lepton. Therefore if the degree of this polarization
turned out to be different from prediction of Ref. [24], e.g.
much larger, then it would point out to a non-Hermiticity
of the hτ+τ− interaction.
Here we will not discuss the Higgs boson decay modes
to quarks and consider the decay of h boson to τ− τ+
pair with their consequent decay into the channels τ− →
µ−ν¯µντ and τ
+ → µ+νµν¯τ . The differential decay width
of the decay h(p) → τ−(k1) + τ+(k2) → µ−(p1)ν¯µντ +
µ+(p2)νµν¯τ is
dΓ = Γ(h→ τ−τ+)
(
τ G2F
48π4
)2
d3~p1
E1
d3~p2
E2
(
s1s2(s1 + s2)−m2((s1 + s2)2 − y(s21 + s22 − s1s2)) +m4(1− y2)(s1 + s2)
− m6y(1− y)2 + (4s1s2 − 2m2(1− y)(s1 + s2) +m4(1 − y)2)( |a|2β2 − |b|2|a|2β2 + |b|2 (p1 · p2) + 2|a|
2
|a|2β2 + |b|2 ((k1 − k2) · p1)
× ((k1 − k2) · p2)/m2h +
2|b|2
|a|2β2 + |b|2 (p · p1)(p · p2)/m
2
h +
4Re(ab∗)
|a|2β2 + |b|2 εµνρσp
µkν1p
ρ
1p
σ
2/m
2
h
)
+
2 Im(ab∗)
|a|2β2 + |b|2
(
(s1
− s2)(s1s2 −m2(1− y)(s1 + s2 −m2)) + (m6(1 − y)3 − 2m2(1 + y)s1s2)p · (p1 − p2)/m2h − 2m2(1− y)(s22p · p1
− s21p · p2)/m2h + (4s1s2 +m4(1− y2))(s2p · p1 − s1p · p2)/m2h − 2m4(1 − y)2(s1p · p1 − s2p · p2)/m2h
))
, (6)
where p, k1 and k2, p1 and p2 are the 4-momenta of h
boson, τ− and τ+ leptons, µ− and µ+ muons, respec-
tively, p1 = (E1, ~p1), p2 = (E2, ~p2), m is the mass of τ
±
lepton, y = m2µ/m
2, mµ is the mass of the muon, τ is
the lifetime of the τ± lepton. Further s1 = (k1 − p1)2,
s2 = (k2− p2)2, εµνρσ is Levi-Civita antisymmetric sym-
bol with ε0123 = +1, and β is the τ
±-lepton velocity in
the rest frame of h boson. We also introduced the short-
ened notation a ≡ aτ and b ≡ bτ .
After integration of Eq. (6) over the polar and az-
imuthal angles we obtain the decay width as a function
4of the energies of muons
dΓ
dx1dx2
= Γ(h→ τ−τ+)
(
τ
G2Fm
5
192π3
)2
8a(x1)a(x2)
β2(1 + β)5
×
(
f(x1, x2) + f(x2, x1)
+
2 Im(ab∗)
|a|2β2 + |b|2
(
g(x1, x2)− g(x2, x1)
))
, (7)
where x1 ≡ 2E1/mh and x2 ≡ 2E2/mh are the fractions
of the energies of µ− and µ+, which vary within the limits
xmin ≤ x1(2) ≤ xmax, (8)
xmax/min =
1± β
2
+ y
1∓ β
2
. (9)
The functions f(x1, x2), g(x1, x2) and a(x) are defined
in Appendix A.
It is seen from Eq. (7) that in any Hermitian model of
the hff¯ interaction, in which Im(ab∗) = 0, the differen-
tial width (7) has the same form as in the SM.
In connection with Eq. (7) we should mention Ref. [23],
where a similar equation was obtained for the decay h→
t t¯ → ℓ+ ℓ− + . . . under assumption that the h-boson is
sufficiently heavy (400 GeV) to decay into the on-mass-
shell top quarks, and in the narrow-width approximation
for the W -boson [30].
It is convenient in addition to the differential decay
width in Eq. (7) to define the distribution over the frac-
tions of the muon energies
W (x1, x2) ≡ 1
Γ
dΓ
dx1dx2
, (10)
Γ = Γ(h→ τ−τ+)
(
BR(τ− → µ−ντ ν¯µ)
)2
.
This distribution is normalized to unity∫ xmax
xmin
dx1
∫ xmax
xmin
dx2W (x1, x2) = 1,
where xmin and xmax are defined in (9) and are equal
respectively to 0.00373716 and 0.999799. Then the frac-
tion of the total number of muons, which corresponds to
µ− in the energy interval [ε1, ε
′
1] and µ
+ in the energy
interval [ε2, ε
′
2], is
N(ε1, ε
′
1; ε2, ε
′
2) =
∫ ε′
1
ε1
dx1
∫ ε′
2
ε2
dx2W (x1, x2), (11)
where the integration limits satisfy the conditions xmin ≤
ε1(2) ≤ ε′1(2) ≤ xmax.
Now we construct observable proportional to Im(ab∗).
Let us define asymmetry in the following way
A(ε1, ε′1; ε2, ε′2) ≡
N(ε1, ε
′
1; ε2, ε
′
2)−N(ε2, ε′2; ε1, ε′1)
N(ε1, ε′1; ε2, ε
′
2) +N(ε2, ε
′
2; ε1, ε
′
1)
.
(12)
Using expression (7) one can write for the asymmetry
A(ε1, ε′1; ε2, ε′2) =
2 Im(ab∗)
|a|2β2 + |b|2 ∆(ε1, ε
′
1; ε2, ε
′
2), (13)
where
∆(ε1, ε
′
1; ε2, ε
′
2)
=
∫ ε′
1
ε1
dx1
∫ ε′
2
ε2
dx2a(x1)a(x2)
(
g(x1, x2)− g(x2, x1)
)
(14)
×
(∫ ε′
1
ε1
dx1
∫ ε′
2
ε2
dx2a(x1)a(x2)
(
f(x1, x2) + f(x2, x1)
))−1
.
The asymmetry (13) is nonzero for a non-Hermitian
hτ−τ+ interaction. Its value is determined by the pa-
rameters a and b through Im(ab∗), and also essentially
depends on the choice of the area [ε1, ε
′
1] ⊗ [ε2, ε′2] ∪
[ε2, ε
′
2]⊗ [ε1, ε′1] in which the energies of µ− and µ+ vary
in Eq. (14).
Along with the asymmetry (12) and (13) we can define
the asymmetry of the µ− and µ+ mean energies, namely
AE ≡ 〈E1〉 − 〈E2〉〈E1〉+ 〈E2〉 , (15)
which is also proportional to Im(ab∗). Indeed, using
Eq. (7) one can write
AE = 2 Im(ab
∗)
|a|2β2 + |b|2 δE, (16)
where
δE =
∫ xmax
xmin
x1dx1
∫ xmax
xmin
dx2 a(x1)a(x2)
(
g(x1, x2)
− g(x2, x1)
)(∫ xmax
xmin
x1dx1
∫ xmax
xmin
dx2 a(x1)a(x2)
×
(
f(x1, x2) + f(x2, x1)
))−1
. (17)
From the definitions (14) and (17) it follows that
∆(ε1, ε
′
1; ε2, ε
′
2) and δE can be calculated independently
of the parameters a and b. In Sec. IV we present results
of their calculation.
III. A MODEL FOR NON-HERMITIAN
YUKAWA INTERACTION
In the SM the Yukawa interaction Lagrangian of the
Higgs field with fermions satisfies the conditions of the
gauge invariance and Hermiticity. It has the form
LSMYuk = −
3∑
n ,k
(
f
(u)
nk q¯
(0)
nLH˜u
(0)
kR + f
(d)
nk q¯
(0)
nLHd
(0)
kR
+ f
(e)
nk ℓ¯
(0)
nLHe
(0)
kR + f
(ν)
nk ℓ¯
(0)
nLH˜ν
(0)
kR
)
+H.c. (18)
5In (18) n and k are the generation indexes, and L(R) refer
to the left (right) chiral projections ψL(R) ≡ 12 (1∓ γ5)ψ.
The left-handed quarks and leptons
q
(0)
nL =
(
u
(0)
nL
d
(0)
nL
)
, ℓ
(0)
nL =
(
ν
(0)
nL
e
(0)
nL
)
(19)
transform as SU(2) doublets, while the right-handed
fields u
(0)
nR, d
(0)
nR, ν
(0)
nR, and e
(0)
nR are singlets, in the weak-
eigenstate basis. In (18) the matrices fnk describe the
Yukawa couplings between the single Higgs doublet H ,
H˜ ≡ iτ2H∗, and the various flavors n, k of quarks and
leptons.
Now we omit the additional requirement of Hermiticity
imposed on the Yukawa interaction (18) and choose LYuk
in the form
LYuk = −
3∑
n ,k
(
f
(u)
1nkq¯
(0)
nLH˜u
(0)
kR + f
(d)
1nk q¯
(0)
nLHd
(0)
kR
+ f
(e)
1nkℓ¯
(0)
nLHe
(0)
kR + f
(ν)
1nkℓ¯
(0)
nLH˜ν
(0)
kR
)
−
3∑
n ,k
(
f
(u)
2nku¯
(0)
nRH˜
†q
(0)
kL + f
(d)
2nkd¯
(0)
nRH
†q
(0)
kL
+ f
(e)
2nke¯
(0)
nRH
†ℓ
(0)
kL + f
(ν)
2nkν¯
(0)
nRH˜
†ℓ
(0)
kL
)
. (20)
It follows from (20) that if f2nk 6= f∗1kn, then the Yukawa
interaction of the Higgs field with fermions does not sat-
isfy the Hermiticity requirement.
On this stage we will not study the consequences of
the non-Hermiticity of the Lagrangian (20) on the fla-
vor mixing. We restrict ourselves to one generation and
moreover take one fermion from this generation. In this
approximation the Lagrangian describing the mass of the
fermion, kinetic energy and its interaction with the Higgs
field h can be presented in the form
L(x) = −(1 + h(x)
v
)
(
m1ψ¯(x)ψ(x) +m2ψ¯(x)γ5ψ(x)
)
+
i
2
(
ψ¯(x)γµ∂µψ(x) − ∂µψ¯(x)γµψ(x)
)
, (21)
where ψ(x) is the field of a fermion,
m1 = v
f1 + f2
2
√
2
, m2 = v
f1 − f2
2
√
2
, (22)
and f1, f2 are the Yukawa coupling constants. Note that
description of neutrino with non-Hermitian Yukawa in-
teraction has been studied in Ref. [15].
From the Lagrangian (21) we obtain the modified Dirac
equation for the free fermion field
iγµ
∂ ψ(x)
∂xµ
− (m1 +m2γ5)ψ(x) = 0. (23)
This is the first-order differential equation. Acting by the
operator iγν∂
ν on Eq. (23) we obtain(
gµν∂
µ∂ν +m2
)
ψ(x) = 0, (24)
where
m2 = m21 −m22 or m2 =
v2
2
f1f2. (25)
Therefore, if ψ(x) satisfies the Eq. (23) then each of the
components of ψ(x) has to obey the Klein-Gordon equa-
tion (24). It is clear that m is the mass of a fermion.
In the SM f2 = f
∗
1 , so that m
2 =
v2
2
|f1|2 is the real-
valued (in fact, in the SM f1 can be made real and pos-
itive, i.e. f1 = f2 ≥ 0). While for non-Hermitian in-
teraction, m2 can be real or complex. We note that the
unstable particles are usually characterized by the com-
plex mass
m2 =M2 − iMΓ, or m2 =
(
M − iΓ
2
)2
, (26)
where M and Γ are their mass and width, respectively,
while the stable particles are characterized by the real
mass. Of course, the question on whether the interac-
tion coupling of the Higgs boson with fermions is real or
complex requires experimental study. At the same time,
the experimental data on the total decay width of the
fundamental fermions [22] show that the charged lep-
tons, muon and τ lepton, have the width much smaller
than their mass. One has Γµ = 2.84 × 10−18mµ and
Γτ = 1.28 × 10−12mτ , and the electron can be consid-
ered as the stable particle. For neutrino there exists only
a constraint on the ratio of the mean lifetime and the
mass τν/mν , from which it follows that if neutrino mass
is not extremely small, then the width is much smaller
than the mass. Regarding the quarks, there is no in-
formation on their decay width aside from the t quark
for which Γt = 1.15 × 10−2mt with mt = 173.21 GeV.
Therefore, if the hff¯ coupling constant is proportional
to a complex mass coming from instability of a fermion,
then its influence on processes with participation of the
Higgs boson and fermions will probably be negligible, ex-
cept for the top quark.
These two possibilities, namely the real and complex
parameters m1 and m2, lead to drastically different be-
havior of the Lagrangian density (21) under the P , C and
T transformations. Under the space-inversion transfor-
mation, charge conjugation and time inversion, ψ(t , ~x)
and h(t , ~x) transform as follows [26]
ψP (t, ~x) = γ0ψ(t,−~x), hP (t, ~x) = h(t,−~x), (27)
ψC(x) = iγ2ψ∗(x), hC(x) = h(x), (28)
ψT (t, ~x) = γ1γ3ψ(−t, ~x), hT (t, ~x) = h(−t, ~x),(29)
respectively, γµ are the matrices in the Pauli-Dirac rep-
resentation. Of course the second (kinetic-energy) term
in (21) is invariant with respect to P , C and T trans-
formations, while the first term in (21), as will be seen
below, is invariant with respect to C transformation and
not invariant under P transformation for both real and
complex values of parameters m1 and m2. Regarding T
6transformation, the first term in (21) is invariant for real
m1 and m2 and not invariant for complex parameters.
Indeed, using the definitions (27)–(29) one obtains:
P
(
1 +
h(t, ~x)
v
)
ψ(t, ~x) (m1 +m2γ5)ψ(t, ~x)P−1
=
(
1 +
h(t,−~x)
v
)
ψ(t,−~x) (m1 −m2γ5)ψ(t,−~x),
C
(
1 +
h(x)
v
)
ψ(x) (m1 +m2γ5)ψ(x)C−1
=
(
1 +
h(x)
v
)
ψ(x) (m1 +m2γ5)ψ(x), (30)
T
(
1 +
h(t, ~x)
v
)
ψ(t, ~x) (m1 +m2γ5)ψ(t, ~x)T −1
=
(
1 +
h(−t, ~x)
v
)
ψ(−t, ~x) (m∗1 +m∗2γ5)ψ(−t, ~x).
Thus, for real m1 and m2 the Lagrangian density (21)
is not invariant under P , CP, PT and CPT transforma-
tions [31]. While for complex m1 and m2 the Lagrangian
density (21) is not invariant under P , T , CP , PT , CT
and CPT transformations. These properties are summa-
rized in Table I. Note that at the same time the Higgs
boson interaction with the W± and Z0 bosons is C, P
and T invariant.
TABLE I: Behavior of the Lagrangian (21) under discrete
symmetries and Hermiticity. “Yes” (“No”) means that the
Lagrangian satisfies (does not satisfy) the symmetry.
m1–real, m1–real, m1–complex,
m2–real m2–imaginary m2–complex
P No No No
C Yes Yes Yes
T Yes No No
CP No No No
PT No Yes No
CT Yes No No
CPT No Yes No
Hermiticity No Yes No
Now we consider the case of real and positive constants
f1 and f2. Then the modified Dirac equation for the
free fermion (23) and the Lagrangian density (21) can be
written as
iγµ
∂ ψ(x)
∂xµ
−meξγ5ψ(x) = 0. (31)
and
L(x) = i
2
(
ψ¯(x)γµ∂µψ(x)− ∂µψ¯(x)γµψ(x)
)
− m(1 + h(x)
v
)ψ¯(x)eξγ5ψ(x), (32)
where
cosh ξ =
m1
m
, sinh ξ =
m2
m
, m = v
√
f1f2
2
.
Note that the Dirac equation with the fermion mass
term in the form m1 + m2γ5 has also been considered
in Refs. [27, 28].
From Eq. (31) one finds the positive energy, ψ(+)(x) =
exp (−ip · x)u(p) and the negative energy, ψ(−)(x) =
exp (+ip · x)v(p), solutions. The four-momentum and
the energy of the fermion are
pµ = (Ep, ~p ), Ep =
(
~p 2 +m2
)1/2
. (33)
In momentum space the modified Dirac equations for the
free fermion are(6p−meξγ5)ur(~p ) = 0, (6p+meξγ5) vr(~p ) = 0, (34)
where 6 p ≡ γµpµ and r = 1, 2 labels two independent
solutions. They satisfy the following normalization con-
ditions
u¯r(~p )ur′(~p ) = 2mδr r′ , v¯r(~p )vr′(~p ) = −2mδr r′ . (35)
The projection operators on the states with definite po-
larization along the space-like 4-vector s (s2 = −1), or-
thogonal to p (s · p = 0), are
u(p, s)u¯(p, s) = e−ξ/2γ5 (6p+m) 1 + γ5 6s
2
eξ/2γ5 ,
v(p, s)v¯(p, s) = e−ξ/2γ5 (6p−m) 1 + γ5 6s
2
eξ/2γ5 .
The propagator of the free fermion has the form
〈0|Tψ(x)ψ¯(y)|0〉 = iSF (x− y),
SF (x − y) =
∫
d4p
(2π)4
e−ip·(x−y)
6p+me−ξγ5
p2 −m2 + iǫ .(36)
In the Lagrangian model (32) the rate of decay of the
Higgs boson to the polarized τ− τ+ leptons, approximat-
ing the τ± velocity in the h rest frame by unity, is de-
termined from the expression (4) with a = cosh ξ and
b = −i sinh ξ:
dΓ
dΩ
= Γ(h→ τ−τ+) 1
16π
(
1− ζ1Lζ2L +
~ζ1T · ~ζ2T
cosh 2ξ
− tanh 2ξ(ζ1L − ζ2L)
)
, (37)
where
Γ(h→ τ−τ+) = GF m
2
4
√
2π
mh cosh 2ξ. (38)
As m2 = m21 −m22, in order to estimate the decay width
h → τ−τ+ one has to know m22. If m22 comes from the
mean lifetime of the τ± lepton, then m22 = Γ
2
τ/4. In this
7case ξ ≈ 0 and therefore the width of the h → τ−τ+
decay practically coincides with the width in the SM.
If m22 has other origin, then the decay width of h →
τ−τ+ can differ from the SM prediction. Indeed, let us
write the ratio of the h→ τ−τ+ decay width in the model
(32) and in the SM, and the longitudinal polarization of
the τ lepton,
κ2τ ≡
Γ(h→ τ−τ+)
ΓSM(h→ τ−τ+)
= v2
f21 + f
2
2
4m2
=
f21 + f
2
2
2f1f2
≥ 1, (39)
αL =
f21 − f22
f21 + f
2
2
. (40)
In the SM f1 = f2 ≡ fSM =
√
2m/v. Taking into
account the constraint m2 = v2f1f2/2 we have
f1 = fSM e
ξ, f2 = fSM e
−ξ, (41)
κ2τ = cosh 2ξ, αL = tanh 2ξ, (42)
where ξ = 0 corresponds to the SM and fSM = 0.0102
for the τ lepton with mass 1.77682 GeV [22].
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FIG. 1: Ratio κ2τ (solid line) and longitudinal polarization αL
(dashed line) as functions of ξ.
In Fig. 1 the dependence of the ratio (39) and longitu-
dinal polarization (40) on the parameter ξ is presented.
For an estimate we choose the interval −0.5 ≤ ξ ≤ +0.5.
As it is seen, the longitudinal polarization of the τ
takes sizable values, while the decay width varies not so
much, up to a factor of 1.5 for the ratio κ2τ . Thus the
values of the measured h→ τ−τ+ decay width which are
close to the value in the SM will not necessarily mean that
the structure of the Yukawa interaction is the same as in
the SM. Measurement of the τ longitudinal polarization is
very important for obtaining information on Hermiticity
of the hτ−τ+ interaction.
IV. RESULTS OF CALCULATION AND
DISCUSSION
In Table II we present results of calculation of the func-
tion ∆(ε1, ε
′
1; ε2, ε
′
2) in (14) which along with the factor
2 Im(ab∗)/(|a|2β2+ |b|2) determines the asymmetry (13).
It is seen that for certain intervals of the muon energies,
∆(ε1, ε
′
1; ε2, ε
′
2) takes quite big values.
TABLE II: Values of ∆(ε1, ε
′
1; ε2, ε
′
2) in (14). The intervals
[ε1, ε
′
1] are indicated in the top raw, and the intervals [ε2, ε
′
2]
– in the left column. Note that xmin ≤ ε1(2) ≤ ε′1(2) ≤ xmax.
[0.1, 0.3] [0.3, 0.5] [0.5, 0.7] [0.7, 0.9]
[0.1, 0.3] 0.0 -0.129 -0.327 -0.593
[0.3, 0.5] 0.129 0.0 -0.207 -0.503
[0.5, 0.7] 0.327 0.207 0.0 -0.330
[0.7, 0.9] 0.593 0.503 0.330 0.0
TABLE III: Fraction of the muon number N(ε1, ε
′
1; ε2, ε
′
2) in
Eq. (11) in the SM. The intervals [ε1, ε
′
1] are indicated in the
top raw, and the intervals [ε2, ε
′
2] – in the left column. In the
whole area N(0.1, 0.9; 0.1, 0.9) = 0.7.
[0.1, 0.3] [0.3, 0.5] [0.5, 0.7] [0.7, 0.9]
[0.1, 0.3] 0.096 0.081 0.057 0.029
[0.3, 0.5] 0.081 0.066 0.046 0.023
[0.5, 0.7] 0.057 0.046 0.030 0.014
[0.7, 0.9] 0.029 0.023 0.014 0.006
One should keep in mind that feasibility of measur-
ing the asymmetry will depend not only on values of
∆(ε1, ε
′
1; ε2, ε
′
2) and parameters a, b, but also on the
number of muons (11) in this energy area. This fraction
of the muon number is N(ε1, ε
′
1; ε2, ε
′
2)+N(ε2, ε
′
2; ε1, ε
′
1),
and this number is independent of parameters a, b and
coincides with corresponding number calculated in the
SM. We calculate N(ε1, ε
′
1; ε2, ε
′
2) in Table III. For any
Hermitian interaction, the function N(ε1, ε
′
1; ε2, ε
′
2) is
symmetric under the transformation ε1, ε
′
1 ↔ ε2, ε′2.
Our analysis shows that the configuration of the
muons with energies close to the minimal allowed energy
E1(2),min = xminmh/2 ≈ 234 MeV is the most proba-
ble. In general, the smaller energies the muons have, the
bigger number of muons is. This tendency is seen from
Table III. From Table II it follows that in order to have
big values of ∆(ε1, ε
′
1; ε2, ε
′
2) one needs to choose µ
− and
µ+ with big difference in energies. Based on these obser-
vations we can take, for example,
x1 ∈ [0.1, 0.3], x2 ∈ [0.5, 0.7] (43)
with ∆(0.1, 0.3; 0.5, 0.7) = 0.327 and corresponding
8fraction of the number of muons N(0.1, 0.3; 0.5, 0.7) +
N(0.1, 0.3; 0.5, 0.7) = 0.114.
In order to search for favorable conditions for the
asymmetry we consider the following configuration of
the muon energies. Introduce an arbitrary x0, such
that xmin ≤ x0 ≤ xmax, and calculate the func-
tion ∆(x0) ≡ ∆(xmin, x0; x0, xmax) and the fraction
of the muon number N(x0) ≡ N(xmin, x0; x0, xmax) +
N(x0, xmax; xmin, x0) for various values of x0. Results of
the calculation are presented in Fig. 2.
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FIG. 2: Fraction of the number of muons N(x0) (solid line)
and function ∆(x0) (dashed line) vs. x0.
It is seen from Fig. 2 that the function ∆(x0) reaches
the value –1 at the ends of the interval, i.e. at x0 ≈
xmin = 0.00373716 and x0 ≈ xmax = 0.999799. However
the probability of these configurations of the muons is
close to zero. To have sizable values of ∆(x0) and number
of muons we can choose, for example,
x0 ≈ 0.6, |∆(x0)| ≈ 0.5, N(x0) ≈ 0.3. (44)
This means that muons should be selected in the intervals
of energies
Emin < E1(2) < E0, E0 < E2(1) < Emax, (45)
where Emin = 234 MeV, E0 ≈ 37.5 GeV and Emax =
62.53 GeV.
As for the asymmetry of mean muon energies (15) and
(16), direct calculation of coefficient δE in (17) gives
δE ≈ 0.142. (46)
One can also study asymmetries of the kth moments
of the energy distribution (10)
AEk ≡
〈Ek1 〉 − 〈Ek2 〉
〈Ek1 〉+ 〈Ek2 〉
=
2 Im(ab∗)
|a|2β2 + |b|2 δEk , (47)
with δE2 ≈ 0.249, δE3 ≈ 0.332, . . ., which are more
sensitive to the high-energy components of the energy
distribution.
V. CONCLUSIONS
In this paper the main attention is paid to a possi-
ble non-Hermiticity of the Yukawa interaction between
the Higgs scalar field with fermions. A model for non-
Hermitian interaction is proposed and approximation of
one fermion generation is considered. The corresponding
Lagrangian is obtained, and for the free fermion the mod-
ified Dirac equation, which contains the “mass” term in
the form m1 + m2γ5, is studied. The symmetry of the
Lagrangian with respect to the discrete P , C and T trans-
formations is addressed, in particular, for real parameters
m1 and m2 the Lagrangian appears to be P-odd, C-even,
T -even, CPT -odd and non-Hermitian.
We discuss the decay of the Higgs boson to the po-
larized fermion f and antifermion f¯ , and calculated the
decay rate and polarization characteristics of f, f¯ . The
interaction vertex hff¯ is parametrized in terms of the
two couplings af (CP-even term) and bf (CP-odd term)
in such a way that for a general case of complex af and bf
the interaction is non-Hermitian. This non-Hermiticity
gives rise to polarization of fermion and antifermion along
the direction of their movement. The magnitude of
the longitudinal polarization is determined by the factor
∝ Im(afb∗f).
In connection with violation of the CPT symmetry and
non-Hermiticity in the present model, we note that most
frequently the CPT symmetry is tested via measurement
of the differences between the masses of particle and its
antiparticle and some other their characteristics (see, for
example, [22]). These experiments are based on the CPT
theorem which is a consequence of Lorentz invariance,
locality, connection between spin and statistics, and a
Hermitian Hamiltonian [19]. Nevertheless, even if the
masses of particle and antiparticle are equal, the CPT
invariance can be violated in scattering and other phys-
ical processes [29]. It is also proved [29] that the CPT
violation leads to violation of the Lorentz invariance.
Unlike the case of the particle-antiparticle mass differ-
ence, the longitudinal polarization of the fermion in the
decay h → f f¯ is an example of the CPT -violating ob-
servable in Lorentz invariant but non-Hermitian model.
Another such observable is the circular polarization of the
photon in the Higgs-boson decays h → γγ and h → γZ
[16] (other examples and detailed discussion are given
in Ref. [20]). In general, non-Hermitian Lagrangian (or
Hamiltonian) leads to violation of the unitarity of the
S-matrix, however measurement of the longitudinal po-
larization of the fermion can be easier task than direct
tests of the unitarity violation.
In order to search for the fermion longitudinal polar-
ization we considered the Higgs boson decay to the τ−τ+
leptons with their subsequent decay into the leptonic
channels, i.e. the process h → τ−τ+ → µ−ν¯µντ µ+νµν¯τ .
For this decay the fully differential decay width and the
distribution over the energies of the muons µ− and µ+
are analytically derived. Then an observable is pro-
posed, called the asymmetry, which is nonzero for a non-
9Hermitian hτ−τ+ interaction.
This asymmetry has the form of a product
of non-Hermiticity factor ∝ Im(afb∗f ) and function
∆(ε1, ε
′
1; ε2, ε
′
2), which depends on the area of energies
of µ− and µ+. We calculated this function for various
configurations of muon energies and selected optimal con-
ditions for studying this observable. Other observables
proportional to Im(af b
∗
f) are also studied and calculated.
We hope that the study of the asymmetries in the de-
cay h → τ−τ+ → µ−ν¯µντ µ+νµν¯τ , considered in the
present paper, will be useful for the test of Hermiticity
of the Yukawa interaction.
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Appendix A: DEFINITION OF FUNCTIONS
f(x1, x2) AND g(x1, x2)
The functions f(x1, x2) and g(x1, x2) which enter the
energy distribution in Eq. (7) have the form
f(x1, x2) = a(x1)a
2(x2)/3− 2(1 + β)(1− y)a2(x2)/3− (1 + β)(2 + y)a(x1)a(x2)/4 + (1 + β)2(1 − y2)a(x2)
−(1 + β)3y(1− y)2 + (1− β)−1
(
x1x2a(x1)a(x2)− 2(1 + β)(1− y)x1x2a(x2) + (1 + β)2(1− y)2x1x2
−a(x1)b(x1)a(x2)b(x2)
36β2
+ (1 + β)(1 − y)a(x2)b(x2)c(x1)
12β2
− (1 + β)2(1− y)2 c(x1)c(x2)
16β2
)
, (A1)
g(x1, x2) = (2x1 − 1)a(x1)a2(x2)/3 + 2(1 + β)(1 − y)(1− x1)a2(x2)/3− (1 + β)2(1− y)(2− x1 − 2x2
+y(2x2 − x1))a(x2)/2 + (1 + β)3(1 − y)3x1 − (1 + β)(1 + y)x1a(x1)a(x2)/2. (A2)
Here
a(x) ≡ (1 + β)(1 + y)− 2 z(x)− 2 x− z(x)
1− β , (A3)
b(x) ≡ 2x+ 4β z(x)− (1− β2)(1 + y), (A4)
c(x) ≡ 2x+ 2β z(x)− (1− β2)(1 + y), (A5)
and z(x) ≡
√
x2 − y(1− β2).
[1] G. Aad et al., (ATLAS Collaboration), Observation of
a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC,
Phys. Lett. B 716, 1 (2012).
[2] S. Chatrchyan et al., (CMS Collaboration), Observation
of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716, 30 (2012).
[3] V. Khachatryan et al., (CMS Collaboration), Precise de-
termination of the mass of the Higgs boson and tests of
compatibility of its couplings with the standard model
predictions using proton collisions at 7 and 8 TeV,
Eur. Phys. J. C 75, 212 (2015).
[4] G. Aad et al., (ATLAS Collaboration), Measurements of
the Higgs boson production and decay rates and coupling
strengths using pp collision data at
√
s = 7 and 8 TeV in
the ATLAS experiment, Eur. Phys. J. C 76, 6 (2016).
[5] S. Chatrchyan et al., (CMS Collaboration), Study of
the Mass and Spin-Parity of the Higgs Boson Candidate
via Its Decays to Z Boson Pairs, Phys. Rev. Lett. 110,
081803 (2013).
[6] G. Aad et al., (ATLAS Collaboration), Evidence for the
spin-0 nature of the Higgs boson using ATLAS data,
Phys. Lett. B 726, 120 (2013).
[7] V. Khachatryan et al., (CMS Collaboration), Constraints
on the spin-parity and anomalous HVV couplings of
the Higgs boson in proton collisions at 7 and 8 TeV,
Phys. Rev. D 92, 012004 (2015).
[8] G. Aad et al., (ATLAS Collaboration), Evidence for the
Higgs-boson Yukawa coupling to tau leptons with the AT-
LAS detector, J. High Energy Phys. 04 (2015) 117.
10
[9] G. Aad et al., (ATLAS Collaboration), Search for the
bb¯ decay of the Standard Model Higgs boson in asso-
ciated (W/Z)H production with the ATLAS detector,
J. High Energy Phys. 01 (2015) 069.
[10] S. Chatrchyan et al., (CMS Collaboration), Evidence for
the 125 GeV Higgs boson decaying to a pair of τ leptons,
J. High Energy Phys. 05 (2014) 104.
[11] S. Chatrchyan et al., (CMS Collaboration), Search for
the standard model Higgs boson produced in association
with a W or a Z boson and decaying to bottom quarks,
Phys. Rev. D 89, 012003 (2014).
[12] G. Aad et al., (The ATLAS and CMS Collaborations),
Measurements of the Higgs boson production and decay
rates and constraints on its couplings from a combined
ATLAS and CMS analysis of the LHC pp collision data
at
√
s = 7 and 8 TeV, J. High Energy Phys. 08 (2016)
045.
[13] C.M. Bender and S. Boettcher, Real Spectra in
Non-Hermitian Hamiltonians Having PT Symmetry,
Phys. Rev. Lett. 80, 5243 (1998).
[14] C.M. Bender, Making Sense of Non-Hermitian Hamilto-
nians, Rept. Prog. Phys. 70, 947 (2007).
[15] J. Alexandre, C.M. Bender, and P. Millington, Non-
Hermitian extension of gauge theories and implications
for neutrino physics, J. High Energy Phys. 11 (2015) 111.
[16] A.Yu. Korchin and V.A. Kovalchuk, Polarization effects
in the Higgs boson decay to γZ and test of CP and CPT
symmetries, Phys. Rev. D 88, 036009 (2013).
[17] A.Yu. Korchin and V.A. Kovalchuk, Higgs Boson Decay
to γZ and Test of CP and CPT Symmetries, Acta Phys.
Polon. B 44, no. 11, 2121 (2013).
[18] A.Yu. Korchin and V.A. Kovalchuk, Angular distribution
and forward-backward asymmetry of the Higgs-boson de-
cay to photon and lepton pair, Eur. Phys. J. C 74, 3141
(2014).
[19] R.F. Streater and A.S. Wightman, PCT, Spin and Statis-
tics and All That (W.A. Benjamin, Inc., New York–
Amsterdam, 1964).
[20] L.B. Okun, C, P, T are Broken. Why Not CPT?,
arXiv:hep-ph/0210052.
[21] A. Djouadi, The anatomy of electro-weak symmetry
breaking. I: The Higgs boson in the Standard Model,
Phys. Rep. 457, 1 (2008).
[22] K.A. Olive et al., (Particle Data Group), Review of Par-
ticle Physics, Chin. Phys. C 38, 090001 (2014).
[23] T. Arens, U.D.J. Gieseler, and L.M. Sehgal, Energy cor-
relation and asymmetry of secondary leptons in H → tt¯
and H →W+W−, Phys. Lett. B 339, 127 (1994).
[24] W. Bernreuther, A. Brandenburg, and M. Flesch, QCD
corrections to decay distributions of neutral Higgs bosons
with (in)definite CP parity, Phys. Rev. D 56, 90 (1997).
[25] M. Galanti, A. Giammanco, Y. Grossman, Y. Kats,
E. Stamou, and J. Zupan, Heavy baryons as polarime-
ters at colliders, J. High Energy Phys. 11 (2015) 067.
[26] I.I. Bigi and A.I. Sanda, CP violation, Cambridge
Monogr., Part. Phys. Nucl. Phys. Cosmol. 9, 1 (2000).
[27] C.M. Bender, H.F. Jones, and R.J. Riversand, Dual PT-
Symmetric Quantum Field Theories, Phys. Lett. B 625,
333 (2005).
[28] J. Alexandre and C.M. Bender, Foldy-Wouthuysen trans-
formation for non-Hermitian Hamiltonians, J. Phys. A
48, 18, 185403 (2015).
[29] O.W. Greenberg, CPT Violation Implies Violation of
Lorentz Invariance,” Phys. Rev. Lett. 89, 231602 (2002).
[30] Despite a similarity of Eq. (7) with Eq. (6) from [23] there
are essential differences in the functions defining energy-
symmetric and energy-asymmetric parts of these equa-
tions. In Ref. [23] the decay h → t t¯ → ℓ+ ℓ− + . . . pro-
ceeds through the two sequential two-body decays of the
top quark (and antiquark), h → t t¯ → W+ b + W− b¯ →
ℓ+ νℓ b + ℓ
− ν¯ℓ b¯ with the W -bosons on the mass shells.
In contrast, in derivation of Eq. (7) the three-body de-
cay of the τ -lepton is assumed, i.e. h → τ+τ− →
µ+ νµ ν¯τ + µ
− ν¯µ ντ . Different reaction mechanisms lead
to different analytical results [cf., Eqs. (A1), (A2) in Ap-
pendix A with equations in [23] following Eq. (8)].
[31] Strictly speaking the symmetry arguments apply to the
corresponding action S = ∫ L(x) d4x.
